Introduction
Current state of the art in high performance electronics is based on rigid, planar and single crystal inorganic materials, notably silicon wafers [1] [2] [3] . However, these materials are not optimal for integration with the soft and curvilinear characteristics of most shapes in nature, i.e. the body and organs of humans, other animals and plants [4] . This disparity in material properties hinders wearable sensors and actuators development for a wide range of applications such as bodily function monitoring, disease screening and diagnosis and sophisticated humanmachine interface. An alternative to the rigid silicon based electronics is to build electronics on flexible organic materials like insulating, conducting and semiconducting polymers [5] .
Polypyrrole (Ppy) is one such multifunctional polymer, where the conjugation of π-electrons confers conductivity. However, the conductivity of polypyrrole depends on the polymer doping by inorganic anions [6] . This increases the conductivity while reducing flexibility and increases brittleness. An alternative route to polypyrrole effective conductivity improvement is by its surface metallization with noble or transition metals [7] .
In recent decades, the metallization of polymers has attracted a great deal of interest due to its potential application in sensors [8, 9] , conducting wires [9] and anti-electrostatic coating. The synergistic properties of hybrid structures based on a combination of conducting metals and flexible polymer enable a novel scheme for the development of polymeric MEMS, biosensors and implantable electrodes. Metallization of the polymers is usually done by physical vapour deposition (PVD), electroplating (on a seed layer) or electroless deposition [10] . Among these various methods, electroless deposition has the advantage of being relatively simple with low processing temperature. It enables deposition on conductive and insulating surfaces, provides good via/trench filling and selective deposition. Electroless plating also requires relatively simple, low cost and scalable tools and infrastructure. However, electroless deposition of metal on polymer requires a surface catalytic layer (or in some cases a sub layer) to initiate the nucleation and growth of the plated metal film. Copper electroless deposition has been performed on polypyrrole using the traditional method of surface activation by SnCl2 / PdCl2 [11, 12] . This method is widely used with good results, although it was pointed that in some cases the Sn and Pd may act as contaminants [13] . Another very practical method of seeding is the deposition of very thin noble metal film on the polymers of interest [14] . The catalytic layer can be in the form of continuous film or as nanoparticles. For nanoparticle seed, its catalytic efficiency depends on many variables such as the particle size, shape, morphology, distribution and purity as well as its deposition method. A seed layer of noble metal such as gold (Au) can be deposited on the polymer surface by several methods: chemical (colloidal route), electrochemical (electrodeposition) or physical (from the gas phase). The Au nanoparticles synthesized by chemical or electrochemical routes can suffer from limited purity and size control in the sub-nanometric size regime. Au nanoparticles produced in the gas phase are commonly called clusters when they contain less than about 10 4 atoms, corresponding to a size of a few nanometres. They are generally rather pure and ligand-free (naked) compare to the particles produced by solution-based methods. Various properties like particle size, crystallinity, degree of agglomeration, porosity, chemical homogeneity, and stoichiometry can be controlled with relative ease in the case of gas phase cluster synthesis by either adjusting the process parameters or adding an extra processing step, e.g., sintering (post-deposition) or size selection (in the gas phase) [15] [16] [17] [18] .
Models of electroless deposition at the nanoscale can be derived from conventional models of electrochemical deposition, although there is a fundamental difference: the total current in electroless deposition is zero. The mechanism of thin-film electroless deposition has been intensively discussed in the literature [19] [20] [21] [22] . It is assumed to be characterized by three processes: nucleation (nuclei formation), growth, and coalescence of three dimensional crystallites (TDCs) [22] . In our case, we provide the necessary nucleation sites using catalytic metal nanoparticles. However, we cannot ignore the details of the nucleation stage since, as we will show later, the critical radius of nucleation is much smaller than the nano particle itself. A classical treatment of the nucleation during electroplating appears in the paper by Hills et al [23] . A key issue in the model discussed there is that the activation energy for electrocrystallization in the process of electroless deposition is related to the maximum of the excess free energy of the nucleus, which is determined by the critical radius. In this case the maximum free energy is determined by taking decreasing free energy into consideration. This excess free energy depends on the nano crystal volume and its increasing surface dimensions.
A transient model of electroless deposition appears in the paper by Ramasubramanian et al [24] , where the fundamental equations are presented and solved numerically for the case of a flat surface. However, it is good to consider that this model is ideal for hemispherical features.
The deposition on 3D nanoscale features (nanoparticles) requires special attention, as initial 3D effects may influence the diffusion between nuclei. For treatments of nanoscale deposition that underpin the work presented here, the reader is referred to the recent review paper by Zangari [25] : although it does not refer specifically to electroless deposition, it addresses key phenomena.
In this paper we report on a study of the catalytic properties of the Au nano-catalysts on the 
Experimental

Materials and Methods
All chemicals of the ACS grade were purchased from Aldrich Chemicals. The Gold nanoparticles were electrodeposited on the polypyrrole from an electrolyte containing potassium dicyanoaurate (KAu(CN)2), citric acid monohydrate (C6H8O7xH2O), and potassium hydroxide (KOH) to adjust pH = 4.5, at an operating temperature of 50˚C. Platinum plate was used as anode and the solution was stirred continuously. A fixed current density of J= 4 mA/cm 2 for 10 min was applied at the regime that allows the most controlled particles growth with good particle distribution [26] .
The size selected Au923 clusters were generated by a magnetron sputtering, gas condensation cluster source equipped with a lateral time-of-flight mass selector [18, 27] . The flow rates of Ar and He gas were 200 sccm and 150 sccm respectively. The condensation length used in this experiment was 250 mm. The cluster density can be controlled by the cluster beam current and the deposition time. The desired cluster density is 3 clusters/100 nm 2 . The deposition energy of cluster was 0.5 eV/atom.
The composition of Cu ELD solution is presented in Table 1 . Au nanostructure modified Ppy electrodes were dipped in the Cu ELD bath maintained at a temperature of 72˚C for different times. The AuNP(E)/Ppy was coated by Cu for 90, 120, 300 ,420 and 540 s whereas, Au923
(M)/ Ppy was coated for 50, 90,120, 420 and 540 s. After ELD the samples were washed thoroughly in DI water, and then dried with N2 flow.
Characterization
The AuNP(E) electroplated on Ppy as well as the nucleation and Cu film growth were studied by Quanta 200 FEG Environmental Scanning Electron Microscope (ESEM). Whereas, Au923(M) cluster were deposited on Cu grids coated by Ppy and were imaged by a JEOL JEM2100F STEM with a CEOS Cs-corrector [28] . The particle size and particle number in both the cases was evaluated by the image processing with ImageJ (NIH) software [26] .
The Cu content (Wt%) in the samples was detected by Energy dispersive X-ray spectroscopy.
Surface morphology and roughness were investigated by Atomic force microscopy (AFM MI150) in tapping mode for 20x20µm. X-ray reflection fluorimeter (Fischerscope ® X-Ray XAN ® -FD) was used to measure the Cu film thickness. The XRF was calibrated for "Cu films on plastic substrate" module was used for all the measurements.
Results and Discussion
ESEM image of electroplated AuNP(E) on polypyrrole is presented in Fig.1a . Sparsely distributed AuNP(E) can be seen all over the Ppy. The inset in Fig. 1a shows that the particles have a wide size distribution. The average size of the nanoparticles was found to be 50±5 nm (inset Fig.1.a) . A HAADF-STEM image of the Au923(M) clusters is shown in Fig.1b . In contrast to AuNP(E), the clusters of uniform size of 6±0.5 nm (inset Fig.1b) are uniformly distributed on the Ppy surface. The calculated number of particle was found to be 2200/cm 2 and 3x 10 12 /cm 2 for AuNP(E) and Au923(M), respectively. This huge difference in the surface area contributes in the improved catalysis of Cu film formation by Au923(M) as shown later in this work.
The morphology of the Ppy surface after Cu ELD is presented in Fig. 2.1 . Formation of Cu/Au
NPs on the electroplated AuNP(E) surface after 120 s of Cu electroless deposition was observed ( Fig. 2.1a. ). While after 300 s of ELD the Cu islands appears due to coalescence of the various nearby Cu/Au NPs ( Fig. 2.1b) . Further, Cu film growth (420 s) allows formation of Cu film with very globular morphology ( Fig. 2.1c ). For Ppy activated by Au923(M) cluster, continuous Cu layer was observed on the surface after very short time of ELD (Fig. 2.1d ). It indicates formation of smooth thin film right after 120 s of deposition (Figs. 2.1e,f) . In both cases a gradual increase followed by saturation of the Cu content on the substrate is observed with the increase in deposition time ( Fig. 2.2) . The incubation time can be roughly estimated to be less than 90s; however, more comprehensive study of incubation time is performed by XRF later in the paper.
The dependence of Cu film surface roughness (RMS) on the time of its deposition is shown in Fig. 3 . Two different trends were observed in the RMS vs time graph. In the case of the AuNP(E), there is a sudden increase in the roughness in 50 s then a gradual decrease in the roughness w.r.t. time. Similar increase is seen in Au923 (M) at 50 s, however, it's less compared to the former case. This could be since the AuNPs(E) are almost ten times bigger than the Au923NP(M) and hence it gives rise to a very uneven and rough surface. With the course of time the roughness decreases slowly and reaches a constant value around 500 s for both cases (Fig. 3a) . The roughness increases with the time (t)
Where, ti and tf are initial and final time of deposition (Fig. 3b) . At tf , the roughness reduces rapidly giving a smooth and shiny Cu coverage. In both cases, the deposition is initiated on the surface of the nanoscale catalytic metal. Note, that the incubation time is similar in both cases. Incubation can be due to various reasons, one of them is due to the nucleation time where classical models assume that it depends on the binding energy between the catalytic surface (gold in our cases) and the deposited metal (Cu for both) (Fig. 5) . The film continues to grow laterally between the nanoparticles until almost full coverage is achieved. Once the surface is fully covered the thin film continues to grow vertically. For nanoparticle seeding the initial stage includes two parts ( Fig. 5 ):
1. Nucleation of copper on the catalytic metal nanoparticles until reaching full coverage on the nanoparticle.
Lateral growth between the nanoparticles until coalescence.
Conventional models of nucleation in electroless deposition assumes an effective energy barrier E*, that depends on the reduction in the free energy during crystallization and the increase in the surface energy. This model is only an approximation since in our case the substrate is non-flat and the dimension of the critical nucleus is not much smaller than the catalytic nanoparticles size. The critical nucleus assuming an ideal spherical symmetry is given by [14] :
Where, γ is the surface tension, is the molar volume of the metal deposit, n is the number of electrons involved in the redox reaction, F is the Faraday constant, and (Eme -Ered) is the potential between the metal (Cu) deposited and the reducing agent. Calculating this critical value for the basic electroless deposition solution (Table 1 ) yields a value of about 0.3 nm [14] .
Therefore, we can assume that the critical radius of nucleation is significantly smaller than the nanoparticles used in this work as nucleation centers and that the initial nucleation step occurs on the gold nanoparticles until coalescence is partial or complete. This is followed by lateral and vertical growth of copper islands. This happens until the gap between the initial nanoparticles is completely filled with electroless deposition, the lateral deposition stops and the growth becomes only in the vertical dimension.
Once nucleation occurs the deposition rate for basic electroless Cu deposition is assumed to be a function of four parameters: (a) the copper complex concentration, CCu-complex, (b) the reducing agent (Formaldehyde in our case) concentration CHCOH, (c) the hydroxyl ion concentration OH -and (d) the complexing agent (Ligand) concentration (e.g. EDTA):
The various constants a, b, c, d, are presented for the steady state in the literature for few cases [14] . There is no data regarding the dependence of the deposition rate during the transient on the various concentrations at the electrode interface. In the text presented here we will assume that the main dependence of the deposition rate is on the concentration of the copper metal ions. This is an approximation that needs to be re-examined in the future. Next, we will take 
This can be written as:
Where, R' is the deposition rate divided by the Cu concertation near the electrode. The constant ks has units of velocity [cm/s] and can be referred to as the surface reaction velocity.
Assuming a deposition rate of 14.16x10 -8 cm/s for the Au923(M) and 3.36x10 -8 cm/s for the AuNPs(E) (Fig.4 , given MW=63.546 g/mole and density of 8.92 g/cm 3 of Cu , the effective surface reaction velocity is 18.5x10 -5 cm/s for the AuNPs(E) and 79.9x10 -5 cm/s for the Au923(M). A higher surface area in the case of Au923(M) corresponds to higher surface reaction velocity as well as deposition rate when compared to AuNPs(E).
Solving the electroless deposition in one dimension, assuming the deposition rate depends only on the Cu concentration is given by [22] :
Where D is diffusion coefficient of Cu ion, n is the number of electrons involved in the Cu ion reduction (n=2), c(x,0)=CCu (0) is the initial Cu concentration in the bath and ks is the surface reaction velocity of the equation CCu --> CCu2+. We can define a critical time:
At very short time, t << tc , the expressions is time independent:
While for long time, t >> tc, we get
This model can be extended for non-flat surface, specifically for hemi-spherical nuclei.
Applying it to 2D and 3D yields a solution where the current at long time is not zero but reaches a value that actually depends on the radius of the spherical nuclei acting as an electrode. This yields an initial high deposition rate for the smaller particle in comparison to the larger nano particles. Therefore, we may assume that once Cu nano particle has been formed on the Au nanoparticle the nuclei on the smaller nano particles grow rapidly so the overall lateral growth is similar for both small and larger nanoparticles. Assuming D= 7x10 -6 cm 2 /s for the Cu ion in the solution (in the complex form), the critical time for moving from surface reaction limited regime to diffusion limited regime is in the range of several minutes to hours, thus we can conclude that at the initial deposition, the nucleation and growth is mostly surface reaction limited. Note that the numerical solution presented in [23] indicates that the surface reaction drops instantly at the initial stage of deposition but consecutively drops at a slow rate yielding almost constant deposition rate up to t >1000 s of deposition.
As stated before, the incubation time is very similar in both cases. Jacobs et.al [29] reported that small size particles retards the deposition due to nonlinear diffusion effect of dissolved oxygen towards smaller feature. The incubation time is also a function of binding energy of the substrate and the deposited metal and the crystallographic misfit between them [30] . The Au and Cu have same crystal structure (fcc) and the value of the lattice constant is more or less similar in both Au923(M) clusters and AuNP(E). The binding energy of Cu-Au is also very similar in both the case. However, it could also be possible that the initial growth of the Cu on Au923(M) is very fast which balances the slow growth of the Cu on AuNPs(E) until they coalescence and a film is formed.
Conclusion
A novel method of polypyrrole film metallization was studied. The Ppy surface was activated by two different Au nanostructures, electrodeposited AuNPs and Au923 clusters, before Cu electroless deposition. It was shown that the Cu film deposition rate depended on the substrate activation procedure. The copper deposition rate on the Au923(M)/Ppy surface was at least three times higher than that on AuNP(E)/Ppy. It was understood in terms of the surface reaction velocity, which was found higher for small size and higher surface area, Au923(M)/PPy sample. 
